Eight alkaloids recently isolated from the roots of Nauclea orientalis (L.) L. were obtained to evaluate the lipoxygenase (LOX) inhibitory activity. According to the LOX inhibitory assay, the cis isomer 1 (IC 50 39.2±1.1 µM) was more potent than the trans isomer 2 (IC 50 52.1±1.5 µM) (P < 0.05). Compound 5 (IC 50 57.8±1.8 µM) was more potent than 6 (IC 50 97.6±3.4 µM), 3 (IC 50 112.1±2.6 µM) and 4 (inactive) (P <0.05), respectively. Alkaloid glycosides 7 and 8 were completely inactive in a screening assay. All active indole alkaloids were inactive in DPPH and 13-HPOD scavenging assays at the concentration of 100 µM. Moreover, these compounds did not exhibit the interferential effects on the Fe 2+ /Fe 3+ redox state as indicated by the iron reduction and oxidation assays. The enzyme kinetic study revealed that 1, 2 and 6 inhibited sb-LOX-1 through the mixed inhibition with a set of inhibition constants (K and K ) of 9 and 22, 17 and 46, and 16 and 32 µM, respectively. Indole alkaloids 3 and 5 were the uncompetitive and noncompetitive inhibitors with the K of 24 and 8 µM. These findings undoubtedly demonstrated that these active indole alkaloids were non-redox lipoxygenase inhibitors.
Human lipoxygenases are non-heme iron-containing dioxygenases which catalyze the dioxygenation of the arachidonic acid to form hydroperoxyeicosatetraenoic acids (HPETEs), which are categorized into three isoenzymes, namely 5-, 12-, and 15-lipoxygenases. The enzymes play the crucial roles in the key step of leukotriene and lipoxin biosynthesis. Leukotrienes and lipoxins involve physiological and biological processes such as immunity, cell proliferation, and smooth muscle contraction. Inappropriate hyperreactivity of the lipoxygenase under certain conditions is associated with inflammatory diseases, for example, asthma, arthritis, cancers, and cardiovascular diseases [1] . Zileuton, 5-lipoxygenase inhibitor, is clinically used for the treatment of asthma. Research into finding lipoxygenase inhibitors from medicinal plants is one of the possible routes to discover novel antilipoxygenase drugs. Certain classes of natural products possess excellent lipoxygenase inhibitory activity, e.g., flavonoids, stilbenoids, terpenoids, coumarins, and alkaloids [2] . Several reports on inhibitory activity from the alkaloids demonstrated that the indole alkaloids exerted potent lipoxygenase inhibitors [3] [4] [5] .
Recently, we reported the cytotoxic and anti-platelet aggregation activities of the alkaloids from the roots of Nauclea orientalis (Rubiaceae) [6] [7] . To the best of our knowledge, lipoxygenase inhibitory activity investigation from this plant has not been reported. The present study aims to evaluate the LOX inhibitory activity of the alkaloids from N. orientalis (Figure 1 ) with the structure-activity relationship and the possible mechanisms of action through the enzyme kinetic study.
Soybean lipoxygenase-1 (sbLOX-1) was used as an experimental enzyme for both screening and enzyme kinetic study. The sbLOX-1 catalyzed the formation of 13-HPOD which further was reduced by the ferric oxidation-xylenol (FOX) reagent. The results of the colorimetric assay are shown in Table 1 .
Compounds 1 (IC 50 39.2±1.1 µM) was more potent than the geometrical isomer 2 (IC 50 52.1±1.5 µM) (P < 0.05). It indicated that the geometrical isomer affected the inhibitory activity. Compound 5 was more active than 6 and 3 (P < 0.05) with the IC 50 NPC Natural Product Communications Moreover, the 1-formylphenyl moiety in ring E of 4 made this compound completely inactive under the defined assay condition. However, the active indole alkaloids 1, 2, 3, 5, and 6 were less potent than nordihydroguaiaretic acid (NDGA), the positive control, (P < 0.05). The alkaloid glycosides 7 and 8 were inactive at the screening concentration of 200 µM.
The inhibitory mechanisms of 1, 2, 3, 5, and 6 were proved by enzyme kinetic study. The analysis of Lineweaver-Burk plots of 1, 2 and 6 ( Figure 2A , 2B, and 2E) showed a set of straight lines which did not intersect either Z-or Y-axis. The values of 1/v increase when inhibitor concentration increased, but K m values were not affected. These behaviors demonstrated that 1, 2 and 6 were mixed inhibitors with the calculated K and K values of 9 and 22, 17 and 46, and 16 and 32 µM, respectively. These indole alkaloids were able to bind at a site separate from the catalytic site, but they bound either sb-LOX-1 or sb-LOX-1-LA complex. Nevertheless, the binding affinity of the inhibitors at each of the two separated sites was not equal. The double reciprocal plot of indole alkaloid 5 ( Figure 2D ) is shown as a set of straight lines which intersect at the same point on the X-axis. The values of 1/v increased when inhibitor concentration increased, but K m remained constant. This finding indicated that the inhibitory mechanism of 5 was noncompetitive, with K value of 8 µM. Unlike 1, 2 and 6 binding affinities, compound 5 could bind either sb-LOX-1 or sb-LOX-1-LA complex equally. The analysis of Lineweaver-Burk plots of 3 gave a set of parallel straight lines ( Figure 2C ). Moreover, an increase in 3 concentration coincided with a decrease in K m and V max values, but K m /V max ratio remained unchanged with concentration. The result indicated that 3 was an uncompetitive inhibitor with the K value of 6 µM. As the results inhibitory behaviors, the target of indole alkaloid 3 directed to the sb-LOX-1-LA complex definitively.
Although the test compounds were active in the colorimetric assay of sb-LOX-1 inhibition, their activities possibly associated with the antioxidant activity. The stable DPPH radical and sbLOX-1 generated 13-HPOD were used to determine the antioxidant activity of the test compounds. The results showed that all active indole alkaloids were inactive for DPPH and 13-HPOD scavenging assays (Table 1) . It was clearly illustrated that the sbLOX-1 inhibitory activity of the active compounds did not result from the antioxidant properties. Certain small molecule inhibitors are linked to the antioxidant activity whose structures contain at least one hydroxyl attached to an aromatic ring. Catechin and quercetin are phenolic lipoxygenase inhibitors whose inhibitory activity result from the antioxidant properties [8] . (Table 1) . As the result, the inhibitory mechanisms of the active indole alkaloids were not associated with reducing properties. Flavonoidtype inhibitors, especially soy isoflavones, inhibit lipoxygenase by the reducing property of the phenol or catechol moieties presented in the structure [9] . Due to the iron-redox-independent sb-LOX-1 inhibitory activity, the interferential effects on Fe The most suitable experimental enzymes for the discovery of lipoxygenase inhibitors are human lipoxygenase isoenzymes, namely, 5-, 12-, and 15-lipoxygenases. These isoenzymes are expressed primarily in granulocytes and platelets which respond in the biosynthesis of leukotrienes and lipoxins. There are two main limitations of using human-derived lipoxygenases for the biological assay. Firs, most human lipoxygenases are extremely unstable under normal physiological temperature in the cell-free lipoxygenase assay. Second, a large amount of pure enzyme required for the bioassay and enzyme kinetic study is not accessible from either the cell-derived (granulocytes and platelets) and recombinant enzymes. Thus, the physiological temperature-stable enzymes and commercially available sources are preferable. Plant lipoxygenase derived from Glycine max is an appropriate model for the lipoxygenase inhibitory assay in terms of its stability and accessible amount. According to the enzyme kinetic behavior and catalytic site homology, sbLOX-1 share kinetic and structural similarity to the human lipoxygenases [10] [11] . It is reasonable to presume that the results from sbLOX-1 could extend to human lipoxygenase. Moreover, sbLOX-1 is acceptable for the bioassay parallel with human leukocyte lipoxygenase [12] . The findings clearly revealed that indole alkaloids from N. orientalis were potent lipoxygenase inhibitors with exact mechanisms of action as demonstrated by the sb-LOX-1 inhibitory assay and enzyme kinetic investigation. Furthermore, the target of these indole alkaloids is specific to the catalytic inhibition, which is directed to neither the antioxidant capability nor iron redox state interference. The report on lipoxygenase inhibitory activity from natural product-derived indole alkaloids has been not well studied. Recently, moschamine, the indole derivative, from Centaurea vlachorum was reported as potent lipoxygenase inhibitor without the exact mechanism of action [13] . The phytochemical and pharmacological studies on N. orientalis demonstrated that this plant possesses significantly biological activities. The leaf extract of this plant showed potent anthelmintic activity against Pheretima posthuma as compared to albendazole [14] . The alkaloids isolated from this plant also exhibited potent cytotoxic, anti-proliferation, anti-malarial, and antioxidant activities [15] [16] [17] [18] . Our present study is the first report on lipoxygenase inhibitory activity and exact mechanisms of inhibition of the indole alkaloids from N. orientalis. Those of the active constituents tended to be further applied as the lipoxygenase inhibitors, however, extensive in vivo pharmacology and toxicology studies are needed to clarify the therapeutic possibility. The air-dried roots were ground and extracted with hexane, dichloromethane, and methanol by Soxhlet extractor. The hexane, dichloromethane, and methanol extracts were purified by the various types of chromatographic techniques. The structures of isolated alkaloids were elucidated on the basis of spectroscopic data. The obtained alkaloids consisted of naucleaorals A and B (1-2), naucleactonin A (3), naucleficine (4), naucleidinal (5), 19-epi-naucleidinal (6), pumiloside (7), and strictosamide (8) [6, 19] .
Colorimetric lipoxygenase inhibitory assay:
The colorimetric screening assay was based on the detection of 13-hydroperoxy-9(Z),11(E)-octadecadienoic acid (13-HPOD) catalyzed by sb-LOX-1 with ferric oxidation-µxylenol orange (FOX) reagent [20] [21] . Under our defined assay condition, 10 µL of test compounds dissolved in 50% DMSO/H 2 O, which was pre-incubated with 50 µL of 400 unit/mL of sbLOX-1 and 25 µL 0.1 M borate buffer pH 9.0 at 37ºC for 2 minutes. Then an aliquot of 25 µL of 120 μM linoleic acid was added to start the reaction and was further incubated for 5 minutes. An aliquot of 1 mL of FOX reagent (100 μM xylenol orange, 100 μM FeSO 4 and 25 mM H 2 SO 4 dissolved in 10% water/methanol) was added to stop the reaction and the color was developed for 30 min. The absorbance at 585 nm was obtained and the inhibition percentage (IP) was calculated according to the following equation.
The IC 50 value, the concentration required for half inhibition, was computed by the linear line plot between inhibitor concentration and IP on Microsoft Excel in Office365 (license to University of Phayao). The data was obtained from five independent experiments, each conducted in duplicate.
1,1-Diphenyl-2-picrylhydrazyl radical (DPPH) scavenging assay:
The DPPH radical scavenging assay was performed in a 96-well microplate [22] . All of the active compounds were screened at the concentration of 100 μM. The inhibitory activity was presented as the IC 50 . All tests were run in triplicate and averaged.
Hydroperoxide scavenging assay: 13-HPOD scavenging activity was performed in the same manner as the colorimetric sbLOX-1 assay. The 13-HPOD was generated by the incubation of sb-LOX-1 with linoleic acid for 10 minutes. The screening condition, 100 µL of the reaction mixture was incubated in the presence of 100 μM of test compounds at 37ºC for 5 minutes. All tests were run in triplicate and averaged.
Enzyme kinetic study: Enzyme activity was monitored the absorbent increment at 234 nm due to the formation of 13-HPOD (ε = 25000 M -1 cm -1 ) in the presence of 200 unit/mL sbLOX-1, and 30 µM linoleic acid in 0.1 M borate buffer pH 9.0 [23] . The initial rate was calculated during the first 15-45 sec after linoleic acid was added. The initial rate was obtained to construct the LineweaverBurke Plot (1/v versus 1/[S]). One unit of enzyme caused an increase of 0.001 absorbance units per minute at 234 nm when incubated with 0.02% linoleate at 25°C in 0.1 M borate buffer, pH 9.0, at a total volume of 1.0 mL. [21, 24] . For the ferrous oxidation, a solution of 1 μM Fe 2+ was incubated with active indole alkaloids (1 μM) with the total volume of 500 μL for 5 min at room temperature. The amount of formed Fe 3+ was quantified by adding an equal volume of 100 μM acidified xylenol orange (100 μM xylenol orange and 25 mM H 2 SO 4 dissolved in 10% water/methanol). The results were presented as the percentage of Fe 2+ oxidation. The ferric reduction assay was performed in a similar way to the oxidation assay, except the quantification of formed Fe 2+ was done using acidified 10% ophenanthroline. The results were presented as the Fe 3+ reduction percentage. All tests were run in triplicate and averaged.
Statistical analysis: Data was presented as mean ± S.E.M. One-way ANOVA was used to test for overall differences. The significant ANOVA was followed by Duncan multiple comparisons for consideration of pair-wise differences between treatment groups. A P-value of less than 0.05 was considered statistically significant.
